Abstract. Thoughtfully chosen, properly designed new construction can signi cantly improve both the resilience to natural and man-induced disasters and the long-term sustainability of modern urban environments in the 21st century. In particular, precast/prestressed concrete construction has the ability to provide low-damage buildings at similar costs to traditional construction while also providing a more sustainable construction form, in terms of higher energy e ciency and lower embodied energy. In this paper, low-damage sustainable precast concrete seismic systems are described. Prestressing leads to less material required and hence less embodied energy; piece erection leads to cleaner, quieter construction sites; and insulation and architectural nish can be integrated directly into the precast unit, increasing energy e ciency, and consolidating construction operations. With respect to resilience, earthquake damage is avoided by taking advantage of the inherent jointed nature of precast concrete construction, thereby promoting opening of gaps between precast units rather than cracking of the concrete itself, and using unbonded post-tensioning concepts to restore the structure to its original position. The potential use of precast concrete in developing countries, where no precast industry exists, is considered in the context of global sustainability. The performance of precast concrete in recent earthquakes is presented as an example of a resilient construction.
Introduction
Community resilience for sustainable urban environments involves the ability for the sustaining urban community to rapidly regain its regular function, in terms of habitation, commerce, public services, local culture; and way of life, after a sudden and disruptive natural or manmade event [1] . Figure 1 shows a schematic of this process, indicating the di erence between resilience and sustainability. As seen, the factors that in uence community resilience can be divided in two groups: (1) those that pertain to the actions the community can take prior to an event to lessen the immediate impact of the event on loss of function (i.e. increase robustness), termed ex-ante mitigation; and (2) those that pertain to the actions the community can take in response to the event (rapidity of recovery), termed ex post actions. This process can be applied to natural and man-made hazards in general, and thus while the paper focuses on earthquake resilience, many of the points are applicable generally to multi-hazard resilience.
For earthquake resilience, ex-ante mitigation primarily refers to hardening of infrastructure, for in- stance retro tting (or demolition) of vulnerable structures and promoting new construction that is more resistant to earthquake hazards [2] ; the ex-post actions refer to the preparedness of the community [3] : in the immediate aftermath emergency responders and critical care facilities, and government leaders, decision makers, and public service broadcasters; and in the longer term, inspectors and engineers, city planners, urban and public policy makers, community organizers, insurance companies, etc. Note that though the expost actions occur after the event, e ective preparedness to execute these actions requires signi cant planning, coordination, and preparation prior to the event.
It may be claimed that, historically, governing bodies have tended to be more reactive than proactive to natural disasters with a focus on post-event response. In recent years, however, great advances in assessing the vulnerability of individual infrastructure assets and communities have provided unparalleled opportunities, including the use of geospatial information, remote sensor data, analytics, and visualization to interpret and gain knowledge for the purpose of planning for responding to, and recovering from, disaster events [4] . A key step for community earthquake resilience is to inventory existing or planned infrastructure in terms of vulnerability and consequence and relate it to anticipated seismic hazard [5] . However, as urban communities have become more complex, where the lifelines (power grids, utilities, communication, transportation networks, etc.) are intertwined with coupled integrated systems that provide normal business and daily life; and infrastructure may be aging while the population remains dense; the interactions of these failing critical lifelines can have cascading e ects on a community and surrounding regions [6] . Business interruption, dislocation of the populace, and loss of normal activities can have severe negative societal, cultural, and economic e ects locally, regionally, or nationally, leading to natural disastrous events that overwhelm even the most carefully planned response [7] . Thus, the importance of building inherent robustness into the community infrastructure has risen relatively [8] , and comprehensive ex-ante mitigation strategies have been found to be e ective [9] .
Community resilience e orts have to be considered in the context of sustainability [10] . Sustainability refers to the ability of a system or process to endure (or thrive) over its intended duration. In the context of modern urban environments, sustainability pertains to ecological impact, durability, energy and resource consumption relative to supply, and economic viability for continued functionality based on operational requirements, long term deterioration, and changes in the surrounding environment [11] . Thus, while community resilience might be viewed as the ability to restore functionality after a singular event, sustainability is the ability to maintain functionality over the expected life-cycle (Refer to Figure 1 ). Community resilience often poses competing requirements to the parallel requirements for sustainability; at a minimum, policies for these critical aspects are ghting for the same scarce resources [12] . This paper will focus on ex-ante mitigation of building structures, and in particular, new sustainable construction for developed or developing countries that is more resilient to earthquake hazards. The discussion focuses on precast/prestressed concrete; a construction form with characteristics that lead to advantages in resilience and sustainability.
Sustainability issues for building structures
Sustainability for buildings focuses on environmental e ects and energy use through the construction, operation, and demolition of the structure, including those associated with the raw materials used in the process. These factors are often evaluated in a Building Life Cycle Assessment (LCA) covering construction and operation [13] .
Concrete building construction: Embodied energy and CO 2 emissions
Key aspects of sustainability for concrete include embodied energy and carbon emissions in its construction: About 6% of all energy consumed is used to manufacture and transport building materials [14] . The Process Energy is the measure of energy directly related to manufacture of the material (raw material extraction, transportation to plant, product manufacturing costs) and is more commonly reported than a total embodied energy (business overhead costs, etc.) [15] . The structure, envelope, and nishes comprise over 60% of the \cradle-to-gate" embodied energy in an o ce building, including non-trivial amounts of energy required to transport materials to a project site [16] . Thus, while embodied energy depends on material and building techniques, it can be reduced signi cantly when local materials are used for building construction [17] . [18] ; (b) typical home construction [15] ; and (c) operational energy [22] .
ure 2(a) shows the embodied energy density inherent in di erent construction materials [18] . Though not possessing the highest density, the signi cant percentage by weight of concrete used in structures tends to render it as the most signi cant contributor in construction (e.g., Figure 2 (b) [15] ). Typical concrete contains approximately 10-12% cement by volume. Signi cant CO 2 emissions occur in cement production due to both fuel use (combustiongenerated, 1/3rd) and heating of the calcium carbonate (calcination, 2/3rd) [19] . Since the 1970's, the U.S. cement industry has reduced CO 2 emissions and energy usage per ton of cement by approximately one third [20] . The global cement industry has reduced its speci c net CO 2 emissions per ton of product by 17% since 1990. However, overall cement production has increased by 74% in the same time, leading to an absolute CO 2 emissions increase of 44%. Today, cement production still accounts for approximately 5% of global CO 2 emissions, one of the more signi cant contributors outside electric generation and transportation [21] .
Building operation
Worldwide, approximately 70% of generated electricity is being consumed by buildings. Buildings employ 40% of raw materials (3 billion tons annually) for construction and operation worldwide [21] . In the U.S., buildings consume 65% of the electricity generated and more than 36% of the primary energy (such as natural gas); they produce 30% of the national output of greenhouse gas emissions; and they use 12% of the potable water [22] .
Many developing nations have increased energy demands due to increased manufacturing and urbanization. For instance, in China (see Section 3.5), energy demand has increased dramatically as it has become one of the major manufacturing centers of the world with demand expected to exceed current supply [23] . A major contributor to reducing demand would be more energy-e cient buildings, which can lower operating costs by a factor of two [22] .
It is important to holistically view embodied energy in the context of the buildings, overall lifecycle [24] , as tradeo s exist between initial versus operational energy costs. For instance, providing good thermal mass for energy e ciency (see Section 3.3) may be associated with a higher embodied energy; as buildings consume less energy in operations, the energy embodied in the building's materials will become increasingly important as a percentage of a building's total energy footprint [16] . However, if an infrastructure asset is durable (see Section 3.1) and thus can remain in service longer, the operational energy e ciency can become more signi cant than the one-time embedded energy demands (see Figure 2 (c)), even if the thermal mass is high in embodied energy, leading to net savings [25] .
Measures for improving concrete sustainability
In concert with targets for overall CO 2 emissions [26] , plans call for reduction in the cement industry by the year 2020 to 10% below a 1990 baseline through investments in equipment, improvements in formulations, and new techniques for cement and concrete that improve energy e ciency and durability [21] . These targets count on several advances with the potential to improve the carbon footprint of concrete construction, in conjunction with measures to lower the energy required in cement production [20] . The advances, in di erent stages of development (research, demonstration, pilot, semi-commercial), include emerging grinding and kiln technologies, alternative raw materials and cement products, carbon capture technologies, and nanotechnology [27] .
One key advance is the use of Supplementary Cementitious Materials (SCMs) as pozzolan replacements in the manufacture of cement. SCMs are byproducts of other industrial processes and include y ash (coal-burning electric power plants), slag (iron blast-furnaces in steel mills), silica fume (electric arc furnaces), and calcined clays. These post-industrial recyclable materials are plentiful (60 million tons of y ash were produced in the U.S. in 2007) and would otherwise occupy valuable land ll space. The amount of cement used in concrete may be reduced by up to 60% through SCM substitution, leading to a reduction in greenhouse gas emissions per cubic yard of concrete of 45% [21] . SCM can also modify concrete properties, e.g. y ash reduces concrete permeability and heat of hydration, and increases strength and durability [28] . Fly ash also slows the time of set which may be o set by chemical accelerating admixtures (other admixtures can reduce water demand or intentionally entrain air). Light colored SCMs, such as white silica fume or metakaolin can be used for architectural face mixes. As industrial by-products, some SCMs may not be part of an ideal future due to lower material availability as sustainable development extends to other industries. In the meantime, SCMs o er a low-cost solution with bene cial sustainability e ects on multiple industries.
More exploratory technologies exist such as carbon storage methods. For instance, Accelerated Concrete Carbonation Curing (ACC) attempts CO 2 sequestration. This method accelerates the curing process, improves physical properties while storing carbon dioxide [29] , and claims a potential to reduce global CO 2 emissions by as much as 1% [30] .
Precast concrete construction 3.1. Precast concrete
Precast concrete is \prefabricated" at a plant and brought to the job site (see Figure 3 ). It is typi- Figure 3 . Precast concrete [31] .
cally prestressed at the plant using high-strength steel tendons that place the concrete in compression (often placed lower in the cross-section to counteract the e ects of gravity load, i.e. camber the beam upward so that gravity loads bring it back to the \zero" balance point) and thereby make the units more e ective in transferring gravity loads. Prestressing provides two distinct bene ts: 1. It increases sti ness because the cross-section acts as uncracked concrete; 2. It increases durability since reinforcing steel is not exposed to corrosion introduced by moisture penetrating cracks in the concrete. The primary advantages of precast/prestressed construction include [31] : 1. Speed of Construction: Precast unit production occurs in parallel while site work progresses; the structure is erected rapidly by lifting units o the back of a truck; and all weather construction (cold weather does not stop construction); 2. Better Quality Control: Precast units are produced in controlled environment (ideal humidity, temperature, etc.) using standardized modular forms by skilled, experienced workers, and are easily inspected; 3. Light Long spans: Greater span-to-depth ratios are achieved for prestressed members; 4. Durability: The higher quality control inherent in precast concrete production, combined with the low permeability, low water-to-cement ratio and higher material strengths possible in the process, together with the uncracked nature of prestressed elements leads to a highly durable produce.
Precast/prestressed construction nds widespread use for exposed long-span structures such as stadiums, parking structures, and highway bridges. In recent years, the technique has found increasing use for a wide variety of architecture, including hotels; schools; and medical, governmental, and o ce buildings [31] .
Precast concrete sustainability advantages
Precast concrete has several aspects that make it attractive as a sustainable building material [32] , including those that directly address Leadership in Energy and Environmental Design (LEED TM ) Environmental Quality Credits [22] . These aspects pertain to its production, construction, and in-service qualities [33] : 1. Less material: The greater span-to-depth ratio possible for prestressed members leads to more slender precast members, and thus signi cant material savings (cement, gravel, and sand), and less water use in precast construction. The lighter members lead to a lower total structure dead weight, translating into smaller foundations. These material savings all translate directly to less use of natural resources, and less embodied energy and emissions associated with mining, processing, and transporting of raw material, and manufacturing and transporting of nished product; 2. Less waste: Raw materials, including water, are used more e ciently than normal construction because of precise mixture proportions and tighter achievable tolerances. Precast concrete generates low amounts of (low toxicity) waste (about 2% of concrete at a precast plant is waste, of which nearly 95% can be recaptured to produce new panels [32] ); 3. E cient production: Precast concrete is made in a factory with much more e cient use of energy than in-situ construction, leading to less energy used to build precast. Most U.S. precast plants are within 300 km of a building site with raw materials obtained or extracted from sources within 300 km of the plant. The primary raw materials used to make cement and concrete are abundant all over the world. Precast concrete elements are usually shipped e ciently because of their large, repetitive sizes and the ability to preplan shipments during the normal course of a project [33] ; 4. Ease of recycling: Waste materials are more likely to be recycled in plant concrete production. For example, gray water is often recycled into future mixes; about 5% to 20% of aggregate in precast concrete can be made of recycled concrete [33] ; sand and acids for nishing surfaces are reused; and steel forms and other materials are reused; 5. Durability: The controlled environment and lower water-cement ratio (0.36-0.38) possible at the precast plant produces higher-quality concrete, which leads to a highly-durable, longer-lasting structure. The prestressing of units prevents or re-closes cracks, making the structure resistant to rain penetration and repeated freeze-thaw cycles, thereby mitigating reinforcement corrosion issues. Reinforcement is placed with higher-quality control in the plant than in-situ construction, greatly reducing the likelihood of inadequate cover, a common reason for surface deterioration. The longer service life for precast structures means less resources required for maintenance, repair, and replacement; 6. Clean construction: Precast construction is cleaner with less noise, dust, and particulates created at the jobsite as the major task is unloading precast units from the truck, ideal for urban areas with neighbors in close proximity to the site. Little waste or debris is created at the construction site (e.g. no formwork) [33] . Fewer trucks and less time are required because the concrete is made osite, particularly bene cial in urban areas where minimal tra c disruption is critical. Precast units are large components, so greater portions of the building are completed with each activity; 7. Low end-of-service life impacts: Precast concrete can be readily \de-constructed", i.e. disassembled rather than demolished, avoiding dust pollution, noise, debris, and potentially dangerous demolition stages. Units from demolished structures can be reused in other applications, e.g. to protect shorelines [32] . A precast concrete shell can be left in place when the building interior is renovated; 8. Down-cycleable: Precast concrete is readily \down-cycled" (building materials broken down and reused) with a minimum amount of energy. Examples include using crushed precast concrete units as aggregate in new concrete or as base materials for roads, sidewalks, and tiles (see Figure 4) . Table 1 shows a comparison between typical precast and cast-in-place oors [34] . Note these bene ts must be interpreted in conjunction with the material advances occurring in the wider concrete industry described in Section 2.3.
Advantages of total precast
Using a \total precast solution", which is a building totally made of precast elements, provides further advantages for sustainability. In this case, the structural precast members (columns, beams, and oor units) are supplemented by architectural precast elements (wall panels, cladding). Architectural precast has many attractive qualities [35] including thermal e ciency, excellent acoustic properties, and the ability to be built integrally with structural members (see Figure 5(a) ) to integrate and optimize insulation levels, glazing, shading, thermal mass, air leakage control, surface color, and texture. In particular, precast concrete can be used in a \sandwich panel" con guration for high e ciency in which a layer of insulation is sandwiched between the two wythes of the concrete panel (see Figure 5 (b) and (c)).
1. Integrated design: Precast units can be left exposed with natural nishes of a wide range of pro le, texture, and color options that require no additional treatment to achieve function and aesthetics. Polished concrete oors do not require carpeting; exposed concrete walls or ceilings do not require nish materials. This reduces the need for production, installation, and maintenance of nish materials, and eliminates products that could otherwise degrade indoor air quality, e.g. Volatile Organic Compounds (VOCs) in interior nishings that can release gases or combine with other chemicals in the air to form ground-level ozone. Concrete itself contains low to negligible VOCs, both in lower concentrations and emission rates [33] ; 2. Speci ed exterior nish: Precast exterior panels can be produced to provide re ective white surfaces to minimize urban heat island e ects, and can be selfcleaning or change color [35] . Precast concrete's controlled production allows for replication of color for all panels for a project using pigments that will not fade due to sunlight [33] . Many urban areas are 2-4 C warmer than surrounding areas due to the heat island e ect and are warming [36] . This has an impact on air quality as temperature is a major contributor to smog. A key measure is albedos; the amount of solar radiation re ected from a surface measured from non-to fully-re ective (0-1.0) [37] . Materials with higher albedos will reduce the heat island e ect, thereby saving energy and improving air quality [33] . Traditional Portland cement concrete has an albedo near 0.4, but raw material ratios can be adjusted to create white Portland cement with an albedo of 0.7-0.8, and the surface emittance (ability to release absorbed heat [38] ) of most concrete surfaces is in the range of 0.85-0.95. 3. E cient building envelope: Precast panels provide good re resistance; signi cantly reduce sound penetration; and are impervious to rot, termite and vermin. Properly sealed precast panels (typically large with minimal joints) have low air in ltration and are resistant to wind-driven rain, and in conjunction with continuous, edge-to-edge insulation between precast concrete layers prevent moisture intrusion in hot and humid climates [32] . Exterior precast sandwich panels directly integrate optimal insulation that can save up to 25% on heating and cooling costs [33] . The thermal mass associated with concrete walls can signi cantly reduce energy demands by storing heat and delay the time it takes for a surface to heat up or cool o [22] . This thermal lag moderates daily temperature to reduce peak heating and cooling energy loads, or shift major energy usage to o -peak times (see Figure 5(d) ). Nighttime ventilation can cool thermal mass warmed during the day [33] . Combined with insulated wall panels, the precast unit can produce high R factors and lower energy needs. These attributes can help earn LEEDTM Optimize Energy Performance credits [22] and translate into lower rst costs for mechanical equipment due to smaller capacity requirements.
Autoclaved Aerated Concrete (AAC) is a highly thermally insulating concrete-based material used in precast panels. The better thermal e ciency of AAC makes it suitable for use in areas with extreme temperature as it eliminates need for separate materials for construction and insulation leading to faster construction and savings. Installation is quick and easy because the material can be routed, sanded, or cut to size on-site using standard carbon steel power tools. Due to its lower density, buildings constructed using AAC require smaller structural members and foundations.
Improved thermal e ciency lowers heating and cooling loads in buildings; the porous AAC structure provides good re resistance. The AAC industry is growing in Asia due to strong demand in housing and commercial space, with China, Central Asia, India, and the MiddleEast the biggest markets for AAC manufacturing and consumption [38] .
Future/ongoing precast concrete industry initiatives for sustainability
Recognizing that a 2% increase in construction costs will result in a savings of 10 times the initial investment in operating costs for utilities (energy, water, and waste) in the rst 20 years of a building's life [39], the Precast/Prestressed Concrete Institute (PCI) is pursuing industry-wide sustainability initiatives including [32] : Tying member certi cation to meeting federal, state, and local green ordinances; increased use of local aggregate resources in mixtures; water reclamation; use of admixtures such as hardening accelerators to eliminate applied heat in curing; wider use of Self-Consolidating Concrete (SCC) for quicker placement, no vibration, and less surface defects; use of environmentally-friendly thin brick laminates in place of conventional brick; carbon-ber reinforcement that allows lighter, larger concrete sections with less embedded energy and no corrosion; increased use of SCMs to reduce cement consumption (given the easier accommodation of the increased curing time associated with SCMs in a precast plant than on the jobsite [28] ); Enclosed sandblasting facilities with 100% processwaste and dust control; standardizing wood form parts for multiple (40) reuses [32] ; converting discarded forms into mulch or fuel; and recycling scrap steel and reinforcement. Note both the ACC and AAC techniques are more easily introduced in precast concrete's controlled production environment. In addition, PCI recognizes and awards precast projects that exhibit excellence in sustainability (see Figure 6 ).
Sustainable precast construction case study: China
As an example of the potential for the use of precast concrete in the developing world, consider recent developments in China. The modern precast industry Figure 6 . Award-winning green precast projects [32] . in China was essentially nonexistent due to earlier poor seismic performance (see Section 4.1). However, the signi cant increase in China's cement production in the 21st century [40] (see Table 2 ) has led to a renewed interest in precast concrete. Starting around 2007, Chinese engineers, academia, contractors and developers began taking measures including inviting U.S. representatives to share knowledge on precast concrete in the form of presentations and discussions [41] . [43] . Builders, including the largest developer in China, have started actively promoting precast concrete for use in their projects, introduc- ing technology from the Japanese precast industry and physical testing of $500M USD [44] . Several major precast concrete housing projects have been constructed (see Figure 7 ) [44] . An additional driving factor is the cost of labor in China, which has increased dramatically over the past 5 years and will continue to increase. The labor cost per cubic meter of precast concrete is less than that of cast in-situ concrete construction because of the e cient labor use in precast concrete [41] .
On the basis of these developments, the China Ministry of Construction instructed the China Insti-tute of Building Standard Design and Research and Academy of Building Research to develop a new precast code for all of China [41] . The precast concrete structures technical speci cations [45] are to become e ective October 2014 with design aids being developed to accompany the code. In parallel, energy codes [46] are being enacted that mandate staged energy savings over time that enforce insulation requirements, and thus should further promote the use of precast concrete, in particular the insulated precast wall panels that are becoming popular to meet these requirements [41] . 4 . Earthquake resistant design 4.1. Past seismic performance of precast concrete Precast concrete construction has been shown to be one of the most e cient, durable and economical construction techniques. However, its widespread use has been hampered by its past performance in earthquakes. Figure 8 shows several signi cant failures of precast structures in the past including: (a) collapse of a precast parking structure in the 2010 Baha Mexico earthquake [47] ; (b) collapse of a precast parking structure in the 1994 Northridge earthquake [48] ; (c) collapse of industrial buildings in the 2012 EmilioRomagna earthquake [49] ; and (d) out-of-plane failure of precast wall panels in the 2010 Chile earthquake [50] .
Other than the rst, where the building was under construction [48] , the vulnerability of these structures is related to inadequate consideration of the panelized nature of precast structure and the needed characteristics of the connections details that unite them.
As an example, consider precast construction in 1970s China. Figure 9 (a) shows a typical apartment building under construction consisting of: precast exterior walls, precast oors, cast-in-place concrete interior shear walls, and brick partitions [51] . Many of these multifamily residential structures were built using a \Rus-sian" system of at slabs supported by load bearing panels [52] with few and brittle connections between precast units. In the M7.8 Great Tangshan Earthquake of July 28, 1976 , approximately 85% of buildings in the region collapsed (see Figure 9 
Intent of the seismic design codes and guidelines
It is typically understood that it is not practical, reliable, or economical to \out-strength" an earthquake. Thus, modern seismic codes have adopted the approach of designing building structures for strengths signicantly lower than those required for elastic response to the design earthquake, but requiring special detailing of the structure so that after it reaches its strength, certain key selected regions will serve as \structural fuses", yielding in ductile fashion, that is without fracturing or losing strength, thereby dissipating the energy of the earthquake. Typically, using the concept of \capacity design", other portions of the structure are designed to be su ciently stronger than the fuses to keep them elastic, and thus not requiring expensive special detailing. The measures, in conjunction with Figure 9 . Chinese construction circa 1970: (a) Precast construction; and (b) earthquake damage [52] .
rules to avoid con gurations that would be susceptible to a global collapse mechanism, form the basis of the code intent. Existing building structures can be broadly divided into those that are properly con gured, proportioned, designed, and detailed for good seismic performance and those that are not. The modern earthquake engineering code was not established until the 1970's, and important lessons have been learned in decades since. The built infrastructure may have service lives of 50-100 years, thus many existing older structures predate the modern seismic codes and thus do not conform to the best practices. Further, recent improved understanding of the geological seismic hazard worldwide has led to a reevaluation of the seismic risk for certain urban environments where strict seismic detailing has not been historically required. Buildings that do not conform to accepted seismic rules are termed \non-ductile". Most of the precast failures (see Section 4.1) are due to non-ductile details or components (e.g. oor systems).
However, it is important to note that, depending on the level of detailing and energy dissipation provided, a conforming structure may be designed for forces to nearly 10 times lower than would be required for elastic response. Thus, a properly designed and detailed structure is intended to incur damage to itself in the design earthquake (the energy is dissipated by yielding of the structure itself). This damage, while not leading to failure, may require repair or replacement; or may produce a structure that is not adequate for an aftershock or future earthquakes. The nonstructural elements (cladding, partitions, windows, etc.) have to undergo compatible displacements with the structure and can also incur damage. Likewise, the structure may not return to its original position, instead possessing residual drifts that may incur inoperability of elevators, doors or lead to penetrations in insulation or waterproof seals.
In recent years, the concept of Performance Based Earthquake Engineering (PBEE) has emerged. In this approach, an engineered asset is designed not just for adequate strength, but also to respond to the diverse needs of owner and users under common and extreme loads [53] . In parallel with advancements in PBEE, there is a recognition that minimizing or eliminating damage is an important performance requirement for seismic resilient urban communities due to an ongoing debate on the societal expectations of building performance in rare but devastating earthquakes [54] .
Two design philosophies: Emulative versus
Jointed precast concrete systems
The concept of accumulating versus avoiding damage can be clearly illustrated in the two seismic design philosophies applied to precast concrete construction, so-called \emulative" and \jointed" systems. These design approaches prevent the poor detailing or construction issues that led to precast failures in previous earthquakes. Though in use in many countries, New Zealand construction practice will be highlighted since its performance was tested recently.
Emulative precast concrete systems
The concept of emulative precast construction is to proportion the precast concrete structure to possess strong joints (relative to the elements), thereby forcing the inelastic response to the earthquake within the precast elements themselves, and to provide these precast elements with the special detailing associated with traditional seismic design of (cast-in-place) Reinforced Concrete (RC). Precast emulative systems are expected to perform similarly to properly designed (\conforming") cast-in-place construction under earthquake shaking [55] , or even better since the special detailing involves accurate placement of the steel reinforcement, which is better suited to the precast plant than the jobsite (refer to Section 3.2). In a properly detailed RC moment frame, for instance, nonductile actions such as shear failure are precluded and the capacity design approach requires a strongcolumn/weak-beam design that protects against a concentration of lateral deformation termed a story mechanism. For emulative designs, the precast units are provided with: (1) ductile beam end region detailing; (2) su cient transverse reinforcement to preclude shear failures and provide adequate con nement in plastic hinge zones; (3) proper detailing in joints to avoid anchorage, bond, or splice failures; and (4) overstrength in the column and joint to keep these regions elastic. In New Zealand, most emulative precast moment frames systems employ small cast-in place closure pours in splice regions located between the precast units [56] . The closure pour can occur at beam mid-span (see Figure 10) where the precast unit is erected by passing column longitudinal reinforcing through ducts. These closure joints are typically completed with pouring of the oor topping slab, including beam top reinforcing steel and diaphragm anchorage. 
Jointed precast concrete systems
A more recent precast construction practice is jointed ductile construction, in which nonlinear deformation occurs not in distributed plastic hinge regions within precast units, but instead in specially detailed joints between precast units. The precast units are made stronger than the connections between the units, and the joints provide the ductile seismic \fuses" [57] . The most developed among jointed systems are PRESSS moment frames and coupled rocking walls [58, 59] (see Figure 11 ). Both systems use unbonded posttensioning through precast elements to achieve selfcentering behavior. The structural elements are maintained in the elastic range, and energy dissipation can be provided by internally grouted mild steel or replaceable external dissipators. Because of the self-centering behavior and the use of reversible joint opening (rather than the cracking and yielding of plastic hinges), such systems are referred to as low-damage or damagecontrol systems. The systems can be considered to provide cost-e cient alternatives to seismic design options of base-isolation and supplemental damping devices. These systems have begun to be built in the U.S. and elsewhere, including a recent LEEDTM silver design [60] (see Figure 12) , which take full advantage of the thermal mass of the concrete exposing it to the interior as well as the exterior to maximize its bene ts. The design team's mechanical engineer estimated that the energy savings from using the thermal mass of concrete was approximately 15% [60] . 6 . Case study: precast concrete performance in the 2011 New Zealand earthquake 6.1. The 2011 New Zealand earthquake The 2011 Christchurch earthquake was roughly equivalent to the Maximum Considered Earthquake for Los Angeles, for a region with a design seismicity roughly equivalent to Portland [61] . Several reinforced concrete buildings collapsed or were damaged beyond repair, leading to nearly 200 fatalities. The strict seismic code and the well measured earthquake permitted a unique opportunity to evaluation building performance under strong ground shaking.
6.2. Performance of emulative precast systems frame possessed specially-detailed interior and corner precast beam units installed on cast-in-place columns. Figure 13 (b) shows a 1988 photo of one of the precast corner units being erected. Figure 13(c) shows the typical damage endured by one of those units, indicating the ductile damage expected of a specially detailed RC frame, and little damage in the column, indicating that the emulative design met its intended behavior [62] . Nevertheless, the damage incurred by this frame, which protected the building, led to the tower being torn down (see Figure 13(d) ). Note that this demolition was performed using piece \deconstruction" as described in Section 3.2.
Performance of jointed precast systems
Contrast the above performance to a jointed precast structure, also located in the region of strong shaking. Figure 14(a) shows the structure, a 3-story medical o ce building, again shown after the earthquake. The structure employed hybrid frames (i.e. Figure 11(a) ) in one direction and hybrid rocking walls (Figure 11(b) ) in the other [63] . Figure 14(b) shows the extent of the damage incurred in this structure, which was limited to some drywall rubbing on the staircase. Figure 14 (c) shows the precast hybrid moment frame, indicating no damage and a re-centered structure [62] . 
Discussion of performance
The emulative structure performed exactly as intended under an earthquake signi cantly stronger than its design earthquake. The design placed joints in the precast structure at non-critical locations and detailed the precast unit to safely dissipate the energy of the earthquake without structural distress. But the damage incurred to the structure was deemed unacceptable for repair and the structure was demolished. This indicates a di erence in the expectation of the design professional/code and that of the general public [62] . Contrast this with the performance of the hybrid structure which survived the earthquake essentially damage free and immediately operational. This di erence points out the bene ts of using such low-damage structures for resilient communities.
Conclusions
Precast concrete construction possesses inherent characteristics that may be competitive in modern construction where an increased emphasis is placed on sustainability and earthquake resilience. The high quality control and prestressing of precast concrete lead to less material required and hence less embodied energy; the piece erection lead to cleaner, quieter construction sites; and the insulation and architectural nish can be integrated directly into the precast unit, increasing energy e ciency and consolidating construction operations. The seismic performance of precast concrete, historically a liability due to nonductile details acting at critical joints, can actually outperform other construction forms in the modern world where damage accumulation is less tolerated by taking advantage of the jointed nature to eliminate structure damage and the use of unbonded post-tensioning to provide a re-centered structure after the earthquake. The safe, e ective, and e cient use of precast concrete involves an investment in technology, infrastructure, and transfer of knowledge from those countries with extensive experience, but in the longer term has the potential for economic savings, less adverse environmental impact, and improved urban resilience. precast/prestressed construction. In recent years, Mr. Seeber has focused on the development of a sustainable precast concrete industry in China, having served on an international delegation meeting with Chinese government o cials, industry practitioners and university faculty. In this capacity, Mr. Seeber has made several key international presentations. He was part of the four-man team sent to New Zealand in 2011 to investigate the performance of precast concrete systems in the 2011 Christchurch Earthquake. Mr. Seeber was elected a Fellow of the Precast/Prestressed Concrete Institute in 2000.
